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Impact of noises in Raman amplifier on its performance
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Abstract: The Amplified Spontaneous Emission (ASE) noise, equivalent spontaneous emission factor
and equivalent noise factor for the Raman Amplifier (RA) as well as the respective impacts of the the
ASE noise, Rayleigh noise, optical fiber length and the switching gain in the RA on the Signal Noise
Ratio (SNR) of optical receivers are theoretically analyzed, and then the Double Rayleigh Backscatter-
ing (DRB) noise are also theoretically analyzed and calculated. Furthermore, the numerically related
simulations are also implemented. The calculation and simulation results show that, compared with
the Erbium-Doped Fiber Amplifier (EDFA), the RA can improve the SNR of optical receivers under
the condition of the same input signal; the equivalent spontaneous emission factor is less than 1 and
decreases with the increase of the switching gain, so this characteristics of the RA are superior to that
of the EDFA. Moreover,when the gain of the RA is less than 15 dB the Rayleigh noise of the RA can
be ignored. Also, some other significant conclusions to play the important roles in guiding the optimal
design of the RA are obtained.
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1 Introduction

Raman amplifiers (RA) have advantages
such as higher gains, wider bandwidths, smaller
Noise Factors (NF) and better temperature sta-
bility and can implement the amplification for the
optical signals at any waveband. Therefore, it
has become a hot point in the optical communica-
tion field of a dense wavelength division multi-
plexing (DWDM) system. In addition, with the
increase of the transmission capacity and channel
numbers for optical communication systems and
the growth of the transmission speed in each
channel, the researches of ultra-long haul optical
communication systems have become a hot sub-
ject.

As one of the vital devices in high-speed ul-
tra-long haul optical communication systems,
the RA has the function to improve the Signal
Noise Ratio (SNR) and to extend the transmis-
sion distance. Because the characteristics of the
RA are related to its Amplified Spontaneous E-
mission (ASE) noise, Raman crosstalk, double
Rayleigh backscattering ( DRB) noise and so
fortht™, it is necessary to understand fully the
impacts of the noises of the RA on its perform-
ance for the optimum design of the RA. This is

the aim of the work in the paper.

2 Analysis on ASE noise of RA

The documents[ 1], [2] and [ 3] have pro-
posed the full form of the Raman coupling equa-
tions including the ASE noise, Rayleigh noise
and temperature effects, however, these equa-
tions are not convenient in the numerical simula-

(4]

tion. So the equations in the document-"’ are ap-

plied in this paper:
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Where, P, . P, is separately the pump power
and signal power, a,,a, is the attenuation coeffi-
cient for pump and signal respectively, K=1 un-
der the same condition of the polarization direc-
tion for the signal and pump, or K = oo under
the orthogonal condition, or K = 2 under the
complete disordered condition, g; is the Raman
Gain coefficient, & is Planck’'s constant, v, is op-
tical frequency, Aw is optical bandwidth. Ac-
cording to the formula (1) and (2), incoherent
spontaneous emission can occur at any point in
the RA, parts of the emission can be coupled in-
to light waveguides, and they not only attenua-
ted but also amplified by the pump light in the
transmission process. Therefore, it is necessary
to acquire the transmission characteristics of the
pump light to calculate the ASE noise of the RA
and further get the Raman gain at any point in

" introduced

an optical fiber. The documen
how to obtain the ASE noise. According to the
document ', the relationship among the num-
ber of the ASE noise photons, the fiber loss and
Raman switching gain can be expressed as fol-
low:

Gy,
exp(al)

GR_/' - 1
ll’lGR] ’

where L is the fiber length,Gyg; is the switc-

(3

Ny, (L) =K

hing gain of the signal, and Ny, is the number of
the ASE noise photons at the end of the fiber.
The formula (3) is the basis of the analysis of
performance influences of the RA on the ASE
noise discussed later,

According to the formula (3), the RA is
compared with the EDFA in this paper. Firstly
we compare the number of the ASE noise pho-
tons generated by the RA and by the EDFA un-
der the same gain,respectively, and the hypothe-
sis condition is that the amplifier gain compen-
sates for the fiber losses completely. The num-

ber of the ASE noise photons produced by the
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EDFA is defined as™ ;
Np=2n,(Gg—1) , €9
Under the condition of the same signal in-
put, the improvement of the OSNR of the RA
compared with that of the EDFA is:

OSNRer. - Neo .
OSNR, |~ l0le(g ) &

AOSNR=10lg(

In Fig. 1 and Fig. 2, the limit value of the
spontaneous emission factor ng, is 1, and £#=2.
It is obvious from Fig. 1 and 2 that, under the
condition of the same signal input, when ampli-
fiers compensate the fiber losses fully, the grea-
ter the losses, i. e., the greater the gain, the
greater the ratio of the number of ASE photons
produced by the EDFA to that caused by the
RA. and the higher the improvement of the OS-
NR of the RA, compared with that of the ED-
FA. It is also can be seen that AOSNR linearly
increases with the gain early and then reaches

the saturation state.

Imitating the formula ( 4 ) , the equivalent
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Fig.1 Ng and Ny at different gains

AOSNR
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Fig. 2 AOSNR at different gains

spontaneous emission factor of the RA is defined
as:
nk — Ne
Po2(Gr— 1D

The relationship between the equivalent 7%,

(6)

of the RA and the switching gain is described in
Fig. 3, from which it can be seen that the value
of n¥ is evidently less than 1, and decreases with
the increment of the switching gain. This char-
acteristic of the RA is extremely superior to that
of the EDFA with the reason that the limit value

of its ng, is 1.

0.8—
0.6}

%% 04
0510 15 20 25 30

G/dB

Fig. 3 Change of n for RA with switching gains

According to the documents [1] and [4 ],
the Equivalent Noise Factor (ENF) of the RA

can be defined as:

14+ N
Gy
The relationship between the ENF of the

ENF=

YD)

RA and the switching gain is shown in Fig. 4,
where the ENF is negative when the gain is a-
bove 5 dB. However, the limit value of the noise
factor (NF) for the EDFA is 3. All above indi-
cate that the RA has the intrinsic characteristics
of low noise.

The ASE lights described by the formula
(3) produce the beat frequency with signals in
square optical receivers, and generate the ASE

noise current., For ‘0’ code and ‘1’ code, the

power of this beat frequency noise current is ex-

pressed as'™ .

O‘?’\SE(O)%O 90':2’\3}2(1) :4Be >< (2me¢?) ><

[PR% (v, YA . (&)
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Fig.4 ENF of RA

Where %, B. and P,, are respectively the
sensitivity, the bandwidth of electrical filter and
the average signal optical power of optical re-
ceiver. The SNR of the optical receiver under

the condition that the ASE noise is considered

only is:
. 2(<{/2F)m)Z e
SNRasg = IOIg[GiSE (0) +hse (1) :|
Pln
1018 75N (9)

The change of the SNR with the switching
gains is shown in Fig. 5. The parameters in Fig.
5 are: a. =0. 22 dB/km,L =100 km,B. =7.5
GHz,v,=191 T, and the input signal power in
Fig.5 is 1 mW. From Fig. 5, it is obvious that
after the Raman switching gain is above 10 dB,
the ASE noise performance will gradually be-
come good with the increase of the switching

gain.

52
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Fig. 5 Change of SNR with switching gains

3 Analysis on DRB noise of RA

The noise characteristics of the RA is relat-
ed to the amplified ASE noise, Raman crosstalk,
DRB and so on, while the DRB is one of the ma-
jor influencing factors in long-haul optical com-
munication systems. Because the DRB noise is
accumulated and amplified in optical communica-
tion systems with tens of kilometers fibers, and
greatly influences the system performance®*.

Because the light frequency of the DRB
noise is the same as that of the signal, the beat
frequency noise current can be produced through
the interaction between the front optical filter of
the receiver and the signal light, and the noise of
Intensity Modulation Direct Detection (IM-DD)
system can’t be removed off by the electrical fil-
ter, the methods to control the DRB noise are

7] For this reason, the theo-

very limited so far

retical calculation for the DRB is done in this pa-

per, First of all, the switching gain between any

two points in fibers can be deduced as follows

according to the coupling equations:

G(z1.2,) =explInGry X (e —e™1) /(e —1)] ,
aom

Where, Gy, is the switching gain of the RA
at the point z=L. The transmission characteris-
tics of the signal lights in fibers can be obtained
by using the formula (10):

Ps(2) =P, exp{—azt+InGg, *
[exp(az)—1]/[explal)—1]} , (11)

Then, the electric field intensity of the DRB
is calculated.

Assume that the signal light source is a line-
arly-polarized light, its electric field intensity
may show as follows™’;

e(t)=Reles (1) ™' ] | (12)

Where,Re[ ¢ | represents the real part, f,
is the carrier frequency,es(#) shows the complex
number amplitude of the electric field, including
the magnitude of the amplitude and the begin-
ning phase, P, = les()[%,
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When polarization changes of the linearly-
polarized light of the signal sources in the trans-
mission process is not in consideration, the elec-
tric field intensity in the direct transmission
process can be described as follow according to

the document™ ;

ear (102) =es (1— ) e 205 /G(0,2) ,(13)
v

Where,v and B are respectively the group
velocity and phase velocity in fibers.
Fig. 6 shows the principle of the double

Rayleigh backscattering process.

Optical fiber
] \
&(?) €o(t.L)
Aev(t.22) Aew(tr.z1.L)
\
Fig. 6  Scheme of double Rayleigh backscattering

process

In the course of the transmission, a part
forward light near the z, is reflected into the re-
verse wave-guide, and becomes into the first
Rayleigh backscattering light, its electrical field

intensity may be shown as follows:

Newy (£22,) =es (1— %e*ﬂ"”jﬂﬂzx/G(o vz () Az,

14

Where,p(z) is the coefficient of the differ-
ential Rayleigh backscattering and a complex
number.

Through the Rayleigh backscattering again,
Aegg can be turn into the electrical field intensity
in the fiber end of the double Rayleigh backscat-
tering and be described as follow:

Aeprp (L2222 s L) =g, (1—

2Tz _

714)67(0( ‘ 129 (= == G(Zl [P )‘o(zl )‘O(zz )Azl Azz ’

2

(15)

Thus, through the integration for the for-

mula (15), the total electrical field intensity of
the DRB can be described as follows:

Z T X

L (2,
eprs (2, L1) :J J_edir(t_z ,L) -
0Jo

v

ei(rjzﬂ)(:zizNG(zl 2 X2 )(O(Zl ){O(Zz)dzl ng ] (16)

’

The optical power at the end of the fiber can
be acquired by the combination of the formula
(13) and (16);

IO = leq (ts L) "+ eprn (£, L) |7+
2Releg (£ L)epps (2,10 ] & an

Where, the most component of the Rayleigh
noise is composed of the beat frequency caused
by the DRB and the direct transmission signals.

And then the polarization-changing effect
caused by the optical fiber transmission is taken
into account. Because the beat frequency occurs
only when two light beams have the same polar-

ized direction, the third item in the formula (17)

should be v/5/9 times according to document™”,
that is:

Tors (1) =V/5/9 X 2Rel e (¢ Leprs (1, L) ]+ (18)

For a digital Intensity Modulation-Direct
Detect (IM-DD) system, the noise current pro-
duced by the beat frequency can fully pass
through the electrical filter of optical receiv-
erst® ', whose noise currents can be attained by
the optical power represented by the formula
(18) multiplied by the sensitivities of optical re-
ceivers. Thus, when transmitting ‘0’ code and
‘1’ code, the average power of the DBR noise

current can be shown as follows:

ohrn (0) 2 0,05 (1) =

2 X # lim
T

im [ )+ Lo (024 (19)

Where,{ ¢ ) represents the ensemble aver-
age. According to the document [ 8] and [10],
the formula (19) can be deduced as follows:

20
9

G* (2, 52,)dz dz, (20)
Where, R" () =¢4, ( « +7,L) * &4 (* ,L), the

overbar represents the time average, R (0) and

2

L
?/Zz(arS)Z[R;Iir(O)]zJ J otz
0Jo

G%)RB(I) =

% are the average optical power and sensitivity of
optical receivers, respectively, and the a,, S re-
present the Rayleigh scattering factor and recap-
ture factor, respectively. The following equation
can be deduced by taking the formula (10) into
the formula (20).
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ohs (1) = %O . SR (0) T X

L —2al.
e —1 , e —1

+ 5 S

x°

a/Z/) 2(12 [)2 a b

67b(1+[))fbe idx} ,
@D
Where,6=2 In Gga/(e* —1), According to
the formula [27] and [24], The SNR of the re-
ceiver under the condition of only taking the
Rayleigh noise into account is expressed as fol-
lows.
SNR s = 10X In{ 24RI (0)? /[ ohrs (0) +
obrs (1]} s 22>
The curve drawing for the change of the
SNR of optical receivers with the Raman gain is
shown in Fig. 7, where,a, = —42 dB,S= —27
dB,L =80,120,160 km, and the input optical
power is random. From the Fig. 7, it can be seen
that whether the Raman gain increase or the
length of fibers extends, the DRB noise per-
formance of the RA always deteriorates. This is

different from the thing of Fig. 5.

Fiber Length
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Fig. 7 SNR of receiver under condition of only taking

Rayleigh noise into account
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Fig. 8 Relationship between SNRs of optical receiv-

ers and switching gains of RA

Fig. 8 describes the relationships between
the SNRs of optical receivers and the switching
gains of the RA when the fiber losses are 20 dB
and 33 dB in consideration of the ASE noise only
and Rayleigh noise only, respectively. From
Fig. 8, it can be seen that if the fiber length is
constant, the ASE noise is the most component
of the amplifier noise when the switching gain is
small; so the Rayleigh noise can be ignored;
however, when the switching gain becomes
greater, the Rayleigh noise sharply increases and
is possible to surpass the ASE noise. When the
gain of the RA is less than 15 dB, the Rayleigh

noise can be neglected.

4 Conclusions

This paper analysies and disusses theoreti-
cally ASE noise, equivalent spontaneous emis-
sion factor, the ENF of RA and the SNRs of op-
tical receivers when the ASE noise is only taken
into account, and also probes theoretically the
Rayleigh noise of the RA and the SNRs of opti-
cal receivers when Rayleigh noise is only taken
into account. Then,it analyzes the impacts of the
switching gain and fiber length in the RA on the
SNRs of optical receivers, and implementes the
numerically related simulations. The calculation
and simulation results show that the RA can im-
prove the SNRs of optical receivers under the

condition of the same input signal compared with
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the EDFA and the equivalent spontaneous emis-
sion factor is less than 1 and decreases with the
increase of the switching gain, so this character-
istics of the RA are superior to that of the ED-
FA. Moreover, the condition that the Rayleigh
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